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THE  HYDROTHERMAL  DISSOLUTION  OF  PEROVSKITE  (CaTiOj) 
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end  K  Stephenson** 


ABSTRACT 


Perovekite  ("aTiO^)  he*  been  exposed  to  hydrothermal  chemical  attack  in 
aqueous  solution.  Dependence  on  temperature  (150-250^0  and  on  duration  of 
attack  (I  to  35  daya)  have  been  investigated-  It  was  found  that  a  precipitate 
surface  layer  waa  formed.  The  thickness  of  this  lsyer  ranged  from  a  few  mono- 
layers  to  several  hundred  nanometers  for  the  least  and  the  most  severe  hydro- 
thermal  conditions,  respectively.  The  composition  of  the  layer,  as  deduced  by 
surface  analytical  techniques,  suggests  that  ti)  there  is  congruent  dissolution 
of  the  perovekite  surface,  (ii)  a  TiO^  precipitate  layer  is  formed,  and 
(iii)  the  presence  of  silica  and  COj  in  solution  do  not  appear  to  affect 
substantially  the  mechanism  of  the  rate  of  dissolution. 
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ILLUSTRATIONS 

Figure  1*,  b  Abundances  of  (a)  Ca  and  Si,  and  (b)  T1  and  0  aa  functions 
of  ion  etching  doss.  Data  ara  shown  for  tha  following 
surf seas:  polished  unlaachad  surface  (RO)  ■  •;  455  hr*  at 
300 *C  in  DDV  (Rl)»  0,*  30  hrs  at  175*C  in  DDW  SiO,  (R2) 

■  |;  250  hrs  at  175*C  in  DDW  ♦  SiO*  (R3)  -Ojand  525  hrs 
at  175*C  in  DDW  ♦  SiO*  (R4)  ■  x.  The  aooinsl 
stoichiometries  ara  shown  for  CaTiOj  and  CaTiSlO^.  An 
approxinata  depth  scale  is  shown  on  the  top  horizontal 
axis. 

Figure  2a,  b  Abundances  of  (a)  Ca  and  S.t,  and  (b)  Ti  and  0  as  functions 
of  ion  etching  dose.  The  effect  of  purging  absorbed  C02 
from  the  leachant  is  investigated.  290  hrs  at  150®C  in 
DDW  ♦  SiO*  (unpurged)  (R6)  *  •  and  820  hrs  at  150*0  in  DDW 
♦  Si02  (purgad)  (R7)  ■  0. 


Illustrations 
Figure  3a,  b 

Figure  4 

Flgura  5a,  b 

Flgura  6 

Figure  7 

Flgura  6a,  b 
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Abundances  of  (a)  Ca  and  SI,  and  (b)  Ti  and  0  aa  functions 
of  ion  etching  dose.  The  affect  of  tanperature  is 
investigated.  2°C  hrs  at  150*C  in  DDV  ♦  SIO,  (R6)  *  •, 

250  hrs  at  17S*C  in  DDV  ♦  S10,  (R3)  «  0,*  168  Ura  at  250*C 
in  DDV  ♦  S10,  (R9)  ■  x;  670  hrs  at  250°C  in  DDV  ♦  S10, 

(R8)  »G. 

Binding  energies  of  0  la,  Ti  2pji2»  c  Si  2p 

electrons  aa  functions  of  ion  etching  dote  for  an 
unleached  specimen  (R0)  ■  *;(R1)«  0;(R2)“  (R3) ■  Q«and 'RA) 

■  x.  Run  conditions  are  listed  in  Table  1  and  in  caption 
for  Figure  1. 

Binding  energies  aa  functions  of  ion  etching  dose.  R6  ■  • 
und(R7)  ■  0 !  are  shown  in  (a)  and(R3)  ■  0,*(R6)«  *;(R8)»  ti. 
and(R9)  ■  x  are  shown  in  (b) .  Run  conditions  are  listed  in 
Table  1  and  Figures  2  and  3. 

Evolution  of  0  la  envelope  aa  function  of  ion  etching  dose 
for  R8,  showing  charge  shifted  peak  due  to  either  the 
presence  of  precipitated  ticanate  on  attacked  surface,  or 
a  precipitated  aillcaceoua  layer. 

Experimental  Ti  2p  envelopes  for  a  (a)  polished  unleached 
surface  (RO),  (b)  300*C  for  455  hrs  in  DDV  (Rl)  and 
(c)  175*C  for  250  hrs  in  DDV  ♦  Si02  (R3)  after  ED  »  100 
pAmin. 

SEN  micrographs  of  fracture  face  of  perovsklte  (R10)  after 
7  days  in  DDV  at  250*C.  (a)  ard  (b)  show  ths  fracture 

face  before  and  after  polishing. 

AES  point  scans  on  perovsklte  fracture  face.  Top  scan  is 
for  PI  (Figure  8a)  in  the  perovsklte  subatrete,  middle 
scan  is  for  P2  at  the  substrate/preclpitate  Interface  and 
the  t  tom  scan  is  for  P3  in  the  precipitate  layer. 


Figure  9 


INTRODUCTION 


Perovskite  la  on*  of  tha  major  phases  in  the  ninaral  assemblage 
known  as  Synroc  C  which  has  been  proposed  by  Ring wood  [l]  as  a  matrix 
for  disposal  of  high-level  nuclear  waste  (HLV)  from  the  light  water 
reactor  fuel  cycle.  The  Synroc  C  waste  fora  has  exhibited  excellent, 
chemical  durability  under  a  variety  of  extreme  hydrothermal  conditions 
[2].  These  studies  have  not  sought  to  simulate  actual  repository 
conditions  although  the  effects  of  many  other  variables  such  as 
temperature,  pressure,  pH  and  time  have  been  investigated.  It  has  been 
pointed  out  by  Nesbitt  et  al.  [3]  however,  that  Ca-perovsklte  (and  its 
Sr  and  Be  analogues)  are  thermodynamically  unstable  (although  there  may 
be  kinetic  constraints)  in  many  natural  groundwaters  -  especially  if 
these  contain  either  dissolved  CO^  or  aqueous  silica  in  solution.  There 
are  several  possible  reactions: 


CaTi03  ♦  C02(g)  •  TiOj  ♦  CaCOj  (1) 

CaTiOj  ♦  Si02  (aq)  ■  CaTiSiOj  (2a) 

or  TiOj  ♦  Ca2*  silica  gel  (2b) 

CaTiOj  *  H£  •  Ti02  +  Ca(OH)2  (3a) 

or  TiOj  ♦  Ca2*  ♦  20H-  (3b) 


The  hydrothermal  decomposition  reaction  of  CaTiO^  in  the  presence 
of  C02  in  the  fluid,  to  Ti02  and  CaCO^,  has  been  the  subject  of  a 


previous  study  of  aurfscs  alteration*  of  several  titanat*  minerals 
[4] .  The  present  study  focusses  on  the  tvo  latter  mechanisms  whereby 
per ova kite  and  silica  in  s  hydrothermal  environment  may  react  to  fora 
either  sphene  (CaTiSiO^)  or  TiO^.  Surface  analytical  techniques  have 
been  used  to  identify  the  rates  and  products  of  the  fluid/solid 
interface  reactions.  X-rsy  Photoelectron  Spectroscopy  (XPS)  and  Auger 
Electron  Spectroscopy  (AES)  have  proven  especially  powerful  because  they 
have  depth  resolutions  of  5-20  A  and  are  able  to  provide  "chemical" 
information.  AES  has  the  additional  virtue  of  providing  lateral 
resolution  in  the  sub-pm  range.  Thus  it  can  help  to  Identify 
precipitate  phases.  These  techniques  have  been  validated  by  earlier 
work  on  titanatea  and  on  Synroc  [5.  6].  The  information  thus  obtained 
can  be  related  more  directly  to  the  effects  of  aqueous  attack  on  the 
solid  matrix  than  can  that  obtained  from  solution  analysis  and  from 
other  analytical  techniques  such  as  Electron  Probe  X-ray  Hicroanalys.s 
(EPHA)  or  SEM/EDS  which  have  dspth  resolutions  of  the  order  of  1  pm. 

EXPERIMENTAL  AND  ANALYTICAL  TECHNIQUES 


The  specimen  material  was  obtained  from  Ancon  Ltd.,  Newcastle-upon- 
Tyne,  UK,  as  monolithic  discs.  The  manufacturer  reported  that  these  had 
been  prepared  by  cold  pressing  and  sintering  Analar  grade  reagents  at 
1300*0  for  2  hours.  X-ray  diffraction  showed  that  there  were  no 
detectable  minor  phases  at  <  IX  level  of  detectability  However, 
optical  and  SEM  microscopy  revealed  substantial  open  porosity.  One 
surface  of  each  specimen  was  pollihed  to  a  1  pm  diamond  paste  finish  and 
cleaned  ultrasonieally  in  methanol  to  ensure  that  initial  surface 
conditions  were  always  identical. 


The  monolithic  speclaa ns  (*  1  cm  diameter  and  s  2  am  thickness) 
vara  loadad  into  a  Parr  hydrothermal  raactlon  vassal  ("bomb")  (lined 
with  Tafloa)  with  20  al  of  Analar  dlstillad  dalonlzad  H_0  (DDW) ;  tha 
geometrical  specimen  surfaca  araa  to  laac.haat  voluaa  ratio,  A/V,  was 
tharafora  about  10  ^  a  Finely  divided  CAB-O-SIL  SiG,  powder  (a  1  pa 
cea&  diaaatar)  was  included  in  aa  amount  sufficient  to  ansura  that  tha 
solution  would  always  be  saturated  with  respect  to  aaorphoua  silica.  It 
is  lihely  that  tha  vassal  and  its  contents  reached  tha  preset 
teaperature  of  tha  oven  within  two  hours,  although  tha  interior 
taaparatura  of  tha  raactlon  vassal  could  not  be  aonltored,  while  tha 
vassal  could  be  quenched  to  laboratory  aablent  in  less  than  IS  ains  at 
tha  and  of  a  run.  After  extraction  froa  tha  vassals  tha  speciaena  ware 
cleaned  ultrasonlcally  in  acetone  in  order  to  reaovs,  as  far  as 
possible,  absorbed  vate.  and  SiO^  adhering  to  exterior  surfaces  and 
interior  pores.  Experiments  using  tha  Parr  vassals  wars  carried  out  at 
1S0*C  and  17S*C.  Tha  taaparatura  range  was  extended  to  250aC  by  using  s 
large  stainless  steal  vassal  (no  Tafloa  liner)  with  s  volume  of  1  litre. 
This  vessel  had  a  longer  t law -constant  for  heating  and  quenching,  but 
tha  uncertainty  in  tha  duration  of  tha  affective  tlae  at  taaparatura  was 
at  aost  no  anra  than  10%.  Tha  DOW  was  similarly  saturated  with  finely 
divided  SiOj  powder.  One  experiment  was  also  carried  out  by  enclosing 
the  perovsklte  spaciaan  and  DDW  in  a  silver  bag,  which  was  than  loadad 
into  tha  stainless  steal  vassal.  In  this  case  A/V  was  about 
3  x  10~*m”* . 

Distilled  water  in  an  open  container  will  readily  and  rapidly 
absorb  CO.  from  tha  atmosphere.  Thus,  s  normal  dissolution  run  will  de 


facto  expose  a  specimen  to  C02  In  solution.  It  is  possible  that  the 
presence  of  CO^  may  offset  reaction  paths  (2)  and  (3).  Therefore  one 
run,  using  a  Parr  vessel,  was  carried  out  in  such  a  way  as  to  exclude 
COj.  This  was  done  by  allowing  the  open,  but  loaded,  vessel  to  boil 
vigorously,  in  order  to  drive  off  the  CO ^  and  then  sealing  the  hot 
vessel . 

Pre-  and  po^t~attack  features  of  the  polished  surfaces  were  studied 
by  XPS  and  AES.  Three  different  spectrometers  were  used,  viz.  at 
Harwell  VG  ESCALAB  Mk.  1  and  Mk.  II  instruments  with  hemispherical 
energy  analysers,  and  at  the  Brisbane  Surface  Analysis  Facility  (BSAF)  a 
PHI  Model  560  instrument  with  a  double  pass  cylindrical  mirror  analyser. 
The  XPS  capabilities  of  the  spectrometers  were  roughly  comparsble  while 
high  spatial  resolution  AES  conld  be  carried  out  only  on  the  ESCALAB  Mk. 
II  instrument .  Selected  spectral  peaks  for  all  atomic  species  Ca,  Tl, 
Si,  C  and  0  were  monitored.  Ion  beam  etching  was  carried  out  to  depths 
of  up  to  150  nm  and  scans  were  obtained  at  selected  depth  intervals. 

The  areas  under  the  selected  peaks  were  determined  and  accepted 
sensitivity  factors  [7]  were  used  to  determine  elemental  abundances. 
Also,  the  peak  positions  by  XPS  were  determined  to  an  accuracy  of  ±  0.2 
eV  while  peak  envelopes  were  monitored  in  order  to  gain  further 
Information  about  the  chemical  state  and  environment  of  each  species. 
Typical  XPS  instrumental  parameters  were  as  follows  for  tbs  two 
spectrometers,  those  for  the  PHI  instrument  being  shown  in  parenthesis. 
Survey  scans  at  low  resolution  were  characterised  by  a  constant  analyser 
pass  energy  of  100  eV,  scan  increments  of  1  (0.5)  eV  and  a  scanning  rate 
of  1  (20)  increment  s  Detailed  scans  over  individual  peaks  (0  Is,  Ca 
2p,  Ti  2p,  C  Is,  Si  2s  and  Si  2p)  used  a  pass  energy  of  50  (25)  eV, 
increments  of  C.2  eV  and  scan  rates  of  0.2-0. 5  (20)  increments  s  * .  The 


VO  data  wr»  obtained  from  a  single  scan  while  in  tha  casa  of  the  FHI 

_9 

instrument  many  acana  warn  averaged.  Tha  working  vacuus  vas  10  torr 
or  batter,  extreme  UHV  condition!  not  being  required  for  tha 
r on-reactive  aurfacaa.  Conaidarabla  charging  waa  experienced  for  tha 
fresh  surface!  (shifta  of  up  to  5  aV  in  tha  0  Is  peak  position  ware  not 
nncoaaoa) .  Ion  baas  etching  and  its  attendant  radiation  damage  tended 
to  increeae  tha  surface  conductivity  and  to  eliminate  charging;  a  dose 
of  30  pA  min-ca  *  of  5  kaV  ki*  Iona  waa  usually  sufficient.  Tha  C  la 
peak  ia  not  a  reliable  energy  aarkar  for  these  notarial*  since  carbon 
occurs  both  as  an  unavoidable  graphitic  con tea inant  and  aa  carbonates  in 
the  surface  in  accord  with  reaction  path  (1).  Oraphitie  contamination 
is  universally  present  at  the  aonolayer  level  unless  clean  surfacea  have 
been  prepared  under  extreme  UHV  conditions.  In  addition,  the  state  of 
ceraaic  technology  is  such  that  graphitic  contamination  will  be  present 
in  the  bulk  for  those  particular  apeciaans.  However,  previous  work  has 
shown  that  the  Ce  2p^2  peak  does  not  ahift  such,  after  surface 
contaainatlon  has  been  removed,  froa  u  position  corresponding  to  a 
binding  energy  of  347.8  eV  lrreapectlve  of  ion  doae,  the  type  of 
titanate  and  the  condition  of  the  surface.  This  peak  waa  therefore  used 
as  an  energy  narker  in  the  present  work.  The  instrumental  parameters 
for  acquisition  of  AES  data  were:  constant  retard  ratio  of  4; 
increments  of  0.3  and  1.0  eV,  respectively,  below  and  above  1000  eV 
kinetic  energy;  10  kaV  primary  electron  energy;  beam  current  of  3  nA; 


RESULTS 


The  essential  parameters  for  ths  relevant  runs  ars  listsd  in  Tabls 
1.  Survey  scans  wars  obtained  of  surfaces  before  attack,  after  attack 
in  DDV  and  after  attack  in  DDV  saturated  with  silica  and  COj.  The  major 
peaks  ware  identified.  It  was  immediately  evident  that  the  effect  of 
the  hydrothermal  environment  was  to  produce  a  surface  with  a  lover 
calcium  concentration  and  to  introduce  silicon.  Figures  la  and  b  show 
the  concentration  profiles  for  all  major  species  as  functions  of  ion 
dose,  £D,  for  an  as-received  specimen  and  specimens  attacked  in  DDV  (Rl) 
and  in  DDV  ♦  Si02  ♦  COj  for  30  (R2),  230  (R3)  and  325  (R4)  hours.  Based 
on  previous  experience  it  is  likely  that  1  yArnln  ion  dose  is  roughly 
equivalent  to  a  removal  of  0.2  nm  of  surface  material  [5,6].  The 
nominal  stoichiometries  of  CaTlO^  and  CaTlSiOj  are  shown  for  comparison. 
The  effect  of  dissolved  C02  on  the  chemical  attack  at  150*C  is  shown  in 
Figure  2a  and  b.  The  two  runs  (R6  and  R7)  were  roughly  comparable 
insofar  as  the  temperatures  were  identical  although  the  durations 
differed  by  a  factor  of  three .  The  major  dlf l  .ranees  appear  to  be  in 
the  T1  profiles.  This  species  was  substantially  depleted  la  the  absenco 
of  dissolved  C02  while  some  enrichment  in  the  near  surface  layers 
occurred  when  C02  was  present.  Somewhat  surprisingly  it  was  found  that 
the  carbon  abundances  were  roughly  comparable  for  the  two  rims.  These 
are  not  plotted  in  Figure  2  but  ranged  from  about  25  at.%  coverage  for 
integrated  ion  do^es  of  £D  ■  C  to  about  10X  for  £D  *  300  (see  Table  2) . 
It  is  therefor a  likely  thvt  the  major  source  of  carbon  was  due  not  to 
dissolved  C02  but  rather  to  adventitious  surface  and  bulk  contamination 
of  the  specimen.  For  instance,  we  have  found  that  exposed  titanate 
surfaces  take  up  CO,,  from  the  atmosphere.  The  temperature  dependences 


of  the  profiles  are  shown  in  Figures  3s  sad  b  which  show  dsts  fro*  R6 
(150*C),  R3  (197S*C)  and  R9  (250*C).  Ths  major  dlffsrancss  wars  again 
found  for  ths  T1  profiles  where  the  enriched  layers  warn  found  at  ID  % 
23,  60,  200  for  150,  175  and  250*C,  respectively.  Also,  Ti  became 
Increasingly  depleted  with  higher  temperature  ir.  the  first  few 
monolayers.  There  was  a  slight  trend  towards  increasing;  depth  of 
depletion  for  Ca  with  increasing  temperature,  although  f>:9  (250*C  and  168 
hrs)  went  against  that  trend.  Similarly,  the  trend  for  Si  was  that  of  a 
slight  increase  in  concentration  with  temperature.  Finally,  carbon 
tended  to  be  concentrated  more  in  the  first  few  monolaytrs  at  250*C  in 
comparison  with  runs  at  lower  temperature.  Table  2.  Results  for  1(8 
(longer  duration  than  R9)  have  bean  included  in  Figure  3;  .'t  can  be  seen 
that  the  Si  concentration  increased  wary  substantially  with  time  while 
Ti  and  Ci  were  correspondingly  depleted. 

In  Figure  A  are  ahown  the  IPS  binding  energies  corresponding  to  the 
peak  positions  of  Ti  2p3^2,  0  Is,  C  Is  and  Si  2p  versus  ion  dose  for  the 
same  runs  as  the  dace  in  Figure  1.  The  effects  of  dissolved  CO 2  and 
temperature  on  the  binding  energies  of  these  species  are  ahown  in  Figure 
Sa  and  b.  The  binding  energies  have  been  corrected  for  charging  by 
setting  the  Ca  2p3^2  binding  energy  equal  to  347.8  eV,  the  binding 
energy  of  this  level  is  relatively  invariant  for  all  compounds  which  are 
likely  to  be  present.  Typical  binding  energies  for  the  relevant  atomic 
species  are  listed  in  Table  3 

Peak  envelopes  '.are  obtained  as  functions  of  surface  treatment  and 
ion  dose.  The  Si  2p  envelopes  did  not  exhibit  any  unusual  features. 

The  Ca  2p  envelopes  tended  to  be  better  resolved  for  more  severe  attack 


whan  compared  to  those  obtained  for  lower  temperature  and  shorter 
duration.  The  0  la  envelope*  exhibited  some  high  binding  energy 
contribution* ;  in  Figure  6  are  shown  0  la  envelope*  for  RS .  Other  runs 
of  lesser  hydrothermal  severity  exhibited  smaller  high-binding  energy 
contributions.  The  Ti  2p  envelop*  before  ion  etching  was  substantially 
similar  for  all  surface  conditions  (polished,  DDV  and  ODV  ♦  SiO^ 
attack).  The  envelope  showed  the  well-known  trend  with  increasing  ion 
dose  whereby  Che  initially  predominant  tetravalent  character  of  the 
invelope  would  acquire  contributions  froa  states  of  lover  valency.  It 
was  found  that  the  surface  exposed  to  silicated  DDV  was  considerably 
■ore  affected  by  boabardaent  than  any  other  surface.  This  is  shown  in 
Figure  7  for  the  Tl  2p  envelope  after  an  ion  dose  of  100  (Main. 

The  specimen  froa  RIO  was  investigated  by  SEH  and  AES.  Aftor  7 
days  in  DOW  at  2I0*C  a  precipitate  layer  was  clearly  visible  to  the 
naked  eye.  The  specimen  was  fractured  in  order  to  study  the  details  of 
this  layer  and  its  relationship  to  the  underlying  perovsklte  aatrlx. 
Figure  da  sbtvs  an  SEH  image  of  the  fracture  face.  The  precipitate 
layer  is  clearly  visible  and  there  is  a  distinct  interface.  This  face 
was  polished  in  order  to  highlight  the  contrast  between  the  precipitate 
layer  and  the  perovsklte  substrste.  Figure  8b.  High  spatial  resolution 
AES  point  scans  were  carried  out  along  a  line  perpendicular  to  the 
interface.  Data  obtained  at  points  labelled  1,  2  and  3  in  Figure  8a  are 
shown  in  Figure  9. 


nscussioN 


Eleasntsi  Abundances 


In  general.  cha  trend  la  for  Ca  to  be  increasingly  depleted  in  the 
post-attack  surface  layers  with  increased  duration  of  attack  and  with 
teaperature.  Ti  is  also  depleted,  but  only  in  the  near-surfaca  layers; 
deeper  into  the  post-attack  surfaca  there  is  a  pronounced  enrichaant. 
These  features  persist  to  progrearlvely  greater  depths  with  increasing 
duration  and  teaperature  of  attack.  The  trend  for  Si  ie  to  exhibit 
greater  concentration  and  deeper  penetration  with  tiae  and  teaperature. 
SiaiUrly,  the  0  concentration  is  enhanced  In  the  post-attack  layer  and 
the  enhanceaent  is  acre  prounounced  with  tlas  and  teaperature.  Finally, 
carbon  Is  enhanced  in  the  near-surfaca  layer  but  is  depleted  in  the  bu'.k 
by  increasing  duration  and  teaperature.  Table  2.  The  trend  fox  C  is  not 
entirely  systeaatic,  preeuaably  because  the  supply  and  chealcal  state  of 
this  species  in  solution  ere  not  well-controlled  variables. 

Binding  Energies  and  Peak  Shapes 

The  binding  energies  of  the  Ti  Ip  electrons  are  affected  by 
.radiation  daaage  associated  with  ion  boabardaent;  the  reduction  in 
titanates  of  tetravalent  Ti  to  species  of  lower  valencies  with 
increasing  ion  dose  has  been  discussed  elsewhere  [5,  6].  For  instance, 
it  has  ter -  found  that  zirconolite  and  hoiland.te  are  less  resistant  to 
boabardaent  than  perovskltes  (in  terms  of  propensity  for  Ti  to  be 
reduced).  The  present  data  show  that  the  post-attack  surface  layer 
conteins  Ti  in  e  structure  which  is  relatively  oore  vulnerable  to 
boabardaent  then  perovsklte.  This  is  also  evident  from  consideration  of 
the  Ti  2p  envelopes  in  Figure  7. 
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Surface  Si  has  a  binding  energy  (2p  paak)  of  103.5  to  104.0  aV, 
which  is  charactaristc  of  SIO^;  a  binding  energy  of  104  eV  nay  be 
indicative  of  the  presenco  of  Si  gel.  However,  it  exhibits  a  lower 
binding  energy,  about  102.8  eV,  in  the  reaainder  of  the  post -attack 
layer.  The  latter  binding  energy  is  that  commonly  observed  for  the  Si 
2p  electrons  in  silicates;  SiO^,  with  0  £  x  <  2,  is  thought  to  have  a  2p 
binding  anergy  which  decreases  from  103.5  eV  with  decreasing  x  until  99 
eV  is  reached  for  elemental  silicon  [8].  It  is  likely  that  Si  occurs  as 
a  hydrated  gel  species  in  the  post-attack  surface  layer;  this 
interpretation  is  in  accord  with  a  2p  binding  energy  below  that  of 
crystalline  SiOj.  Likewise,  the  high  binding  energy  component  of  the  0 
Is  peek  at  534  eV  is  consistent  with  the  inferred  presence  of  a 
silicaceous  layer.  However,  the  high  anargy  component  0  Is  say  also  be 
due  to  charge  shifting  of  precipitated  TiO^  regions.  The  Ca  2p  envelope 
and  binding  energy  are  not  significantly  affected  by  bombardment  or 
severity  of  chenical  attack.  Siailarly,  the  Si  2p  envelope  does  not 
exhibit  any  unusual  features. 

The  binding  energy  corresponding  to  the  C  Is  peak  in  general  is 
about  286  eV  fov  ED  *  0.  The  trend  is  then  that  this  energy  drops  to 
around  285  eV  inside  the  post-attack  layer.  The  exception  is  for  R3,  R4 
and,  in  part,  R8  for  which  high  binding  energy  carbon  persists 
throughout  the  post-attack  layer.  However,  these  observations  stay  not 
be  relevant  or  significant  since  the  presence  of  carbon  in  the  system 
cannot  readily  be  controlled. 

The  0  Is  peak  position  sr.d  shape  after  attack  at  250°C  exhibit 
contributions  frou  either  a  high  binding  energy  species  or  from  a  charge 
shifted  surface  feature.  Thus  it  could  be  due  to  either  oxygen  being 


present  in  a  silica  gel  layer  and/or  precipitated  TiO^  crystallites  on 
tha  surface.  These  contributions  are  enhanced  with  the  duration  and 
severity  of  the  cheaical  attack.  At  ISO  and  175*C  there  are  no 
variations  wxthin  the  error  bars  except  for  the  normal  slight  increasing 
in  binding  energy  for  ED  ■  0  as  a  result  of  surface  hydroxylation. 

Structure  of  Precipitate  Layer 

XPS,  AES  and  SEM  analyses  provide  no  direct  information  about  the 
structure  of  surface  layers.  However,  these  techniques  do  offer 
indirect  evidence  for  the  presence  or  absence  of  particular  structures. 
For  XPS  and  AES  the  experimental  abundances  nay  be  related  to  expected 
stoichiometries,  and  the  observed  XPS  binding  energies  aay  be  consistent 
with  tha  cheaical  environment  of  a  particular  species  in  a  certain 
crystal  structure.  The  morphology  of  precipitate  crystallites,  as 
determined  by  SEN,  nay  also  suggest  the  presence  of  a  particular 
structure.  In  principle,  one  might  expect  CaCO^,  TiO^,  CaTiSiOj  and 
Si02  to  be  present  as  crystslline  precipitates  on  the  CaTi03  substrata. 
Amorphous  silicaceous  and  titanaceous  layers  aay  also  be  present. 


Tha  combined  evidence  from  XPS,  AES  and  SEM  suggests  that  the  post¬ 
attack  perovskite  surface  is  partially  or  fully  covered  with  TiO^  and  a 
thin  oilicaceous  layer.  Calciua  carbonate  and  Ca(OP.)2  aay  also  be 
present.  The  atomic  concentration  profiles,  the  charge  shifted  C  Is 
peak  and  the  SEM  features  indicate  that  TiO^  is  the  dominant 
precipitate.  Even  though  XPS,  and  AES  to  some  extent,  will  average  out 
the  localized  affects  of  TiO^  crystallites  over  the  whole  surface  area, 
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it  is  clssr  that  tha  effects  of  pracipitatlon  increase  with  increasing 
severity  of  attack.  In  tha  first  faw  monolayers  0,  Si  and  C  ara 
anrlchad  whila  Ti  and  Ca  ara  substantially  daplatad.  Thasa  layers  Are 
tharafora  likaly  to  consist  of  silica  gal,  hydrated  species  and  carbon 
contaminants . 

Tha  crystallography  of  tha  TiOj  precipitates  has  bean  investigated 
in  a  series  of  separata,  but  related,  experiments.  Ion  beam  thinned 
perovskite  foil  specimens  suitable  for  transmission  electron  microscopy 
(TEN)  have  bean  studied  at  Griffith  University  [9]  and  at  the  Auatralian 
Atomic  Energy  Commit  .on  [ 10 ] .  Such  foils  have  been  subjected  to 
hydrothermal  attack  (150-190*C,  1-6  days)  in  aqueous  solutions  (DOW  and 
DOW  ♦  SiOj)  in  Parr  reaction  vessels.  It  has  been  found  that  Ti02  grows 
as  a  precipitated  crystalline  phase  on  such  specimens;  using  selected 
area  diffraction  (SAD)  and  EDS,  these  crystallites  have  been  indexed  and 
analysed  as  brooklte  (DDV)  and  mixed  brooklte/anatase  (DDW  ♦  Si02) .  It 
has  been  found  that  the  extent  of  growth  increases  with  temperature  and 
duration.  Conversely,  sphene,  cilcite  or  silica-bearing  phases  are  not 
found  by  TEN/SAD/EDS . 

Mechanisms 

The  following  equilibria  are  relevant  to  tbe  nature  of  perovskite 
dissolution  in  DDW  saturated  with  dissolved  silica  and  containing  CO^: 

CaTiOj  *  C02  -  Ti02  ♦  CaCOj  (4) 

CaTiOj  ♦  H20  -  Ti02  ♦  Ca(0H)2  (5) 

-  12  - 


s 


Finally,  Hayward  at  il.  [ll]  have  alao  considered  tha  stability  of 

CaSiTiOj  in  tha  prasanca  of  carbonates  in  solution.  Thay  show  that 

CaSiTiOj  is  tha  stabla  phasa  at  all  temperatures  abova  25*C.  Tha  trands 

of  tha  experimental  rasults  ara  that  CaSiTiO^  specimens  exposed  to 

synthatic  groundwater  and  CaO-TiO  -SiO.,  frit  in  solution  at  100*C 

2  * 

generally  gain  might  and  that  pracipitatas  fora  on  tha  surface.  Thasa 
pracipitatas  ara  found  to  have  tha  tana  Morphology  as  sphanas. 

Datailad  laaching  studias  by  solntion  analysis  hava  baan  carrlad 

out  by  King  wood  [12]  on  tha  Synroc  ninaral  assaablaga  which  contains 

perovskite  as  ona  of  its  aajor  constituent  phases.  In  thasa  studias  it 

was  found  that  tha  laach  ratas  of  Ca  at  tha  axtrasM  temperature  of  930*C 

-2  -3  2 

in  DDV  ware  typically  of  order  10  -10  gn/a  -day  while  tha  ratas  for 

-4  2 

Ti  ware  near  or  below  tha  limits  of  datactabilty  (•  10  ga/a  -day) . 

Similar  aassuraaanta  aftar  hydrothermal  attack  at  200*C  showed  that  tha 

-1  -2  2 

laach  rates  of  Ca  increased  to  10  -10  gm/a  -day  while  tha  ratas  for 

Tl  ware  unchanged.  Thasa  observations  have  lad  Xingwood  to  propose  a 
mechanism  whereby  divalent  elements,  such  as  Ca,  ara  selectively  leached 
out  of  near-surface  layers,  leaving  "skins"  enriched  in  TiOj. 

Thera  is  a  further  place  of  evidence  which  aay  hava  a  bearing  on 
the  question  of  oachanlsas.  Tha  total  hydrothermal  system  with  respect 
to  mobilisation  and  destination  of  species  can  be  fully  characterized  by 
analysis  of  tha  solid  surface,  by  analysis  for  species  in  solution,  by 
investigations  of  the  surfaces  of  tba  hydrothermal  enclosure  and,  in  tha 
case  of  silica  being  present,  by  studias  of  solids  suspended  in  solution 
Va  hava  carrlad  out  a  limited  number  of  such  investigations  of  the  total 
system.  It  has  baan  found,  for  instance,  that  0AB-0-SU.  in  solution 
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does  not  provide  a  substrate  for  precipitation  of  apacias  in  solution. 
Horever ,  on  tha  walla  of  tbe  hydrothermal  ancloaura  ara  found,  by 
SEM/EDS  and  XPS,  a  algnif leant  amount  of  Ca  (uaually  aa  a  precipitated 
calciua  phosphate j  tha  phosphorus  is  present  aa  a  trace  impurity). 
Similarly,  tha  extent  to  which  T102  is  present  on  tha  surfaces  of  tha 
speciaMn  can  be  used  to  deteraina  tha  extant  of  dissolution  of  tha 
perovskite  matrix.  Tha  extant  of  dissolution  Bay  than  be  compared  to 
tha  total  aaouct  of  extracted  Ca  in  tha  system  in  order  to  determine  tha 
relative  importance  of  leaching  versus  dissolution.  Within  large 
experimental  uncertainties  it  was  found  that  the  total  rate  of 
extraction  of  Ca  from  the  specimen  was  consistent  with  the  dissolution 
being  congruent. 

The  following  model  may  now  be  proposed. 

(1)  The  set  effect  of  hydrothermal  attach  is  that  dissolution  Is 
essentially  congruent  although  preferential  extraction  of  Ca 
by  ion  exchange  may  occur  during  the  early  stages  of  the 
dissolution  process.  For  instance,  it  may  be  that  Ca  is 
extracted  from  the  perovskite  on  a  monolayer  by  monolayer 
basis,  followed  by  collapse  of  *'..e  perovskite  structure  and 
subsequent  recrystal lixation  of  TiOj.  Alternatively,  the 
perovskite  matrix  may  be  dissolved  by  base  catalyzed 
hydrolysis,  leading  to  release  of  Ca  and  precipitation  of 
Ti02. 

(ii)  Titaoiua  and  its  compounds  are  extremely  insoluble  in  aqueous 
solutions.  Thus  one  would  expect  thst  dissolution  of  the 


perovsklte  matrix  will  be  followed  by  precipitation  of 
titaaatee.  The  present  evidence  shows  that  T10,  (as  brookite 
in  DOW  leachant  and  brookite  and  aaatase  in  DOW  ♦  SiO^ 
leaebant)  is  favoured  over  sphene,  even  when  the  ?eachant  is 
saturated  by  silica.  It  is  possible  that  Ti  in  solution  is 
confined  to  the  local  region  of  the  double  layer  at  the 
aolutlon/solld  interphase  while  Ca  is  free  to  equilibrate 
throughout  the  solution  voluae.  Thus  the  locsl  region  of  the 
double  layer  aay  be  super-saturated  with  respect  to  TiO^  while 
undersaturated  with  respect  to  sphene.  For  long  duration  and 
high  temperature,  R8 ,  it  is  found  that  the  Si  coi  entratlon 
exceeds  10  at.X  with  a  depth  of  penetration  greater  than  10 
na.  This  particular  hydrothermal  regiae  aay  therefore  be  a 
candidate  for  the  formation  of  spbene  in  accord  with  Nesbitt 
et  al.  [3] . 

(ill)  The  rAle  of  carbonates  has  been  established  in  an  earlier 
study  and  present  indications  are  that  there  are  no 
synergistic  effects  with  the  rAle  of  silica  in  solution. 
Likewise,  the  apparent  effects  of  silica  in  solution  are 
relatively  alnor  insofar  as  the  rste  of  dissolution  and 
precipitation  is  not  strongly  dependent  on  this  variable. 
However,  it  is  possible  that  precipitation  of  sphene  aay  be 
favoured  at  higher  teaperatures  and  longer  durations. 
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TABLE  3 
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Abundances  of  (a)  Ca  and  Si.  and  (b)  Ti  and  0  as  functions  o<  ion  etching  dose  The  effect  of 
purging  absorbed  CO*  from  the  (eacbant  is  investigated  290  hrs  ?t  1 50°C  m  ODW  -  S.O, 
(unpurged)  (R5)-e  and  820  hrs  at  150°C  m  OOW+StO*  (purged)  <R7)~o 
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Binding  energies  as  functors  or  on  etching  dose  (R6)»*  and  iR7)-o,  are  shown  in  (a)  and 
(R3)-o;  (R8)'«  •;  (R8)«a;  and  (R9)-x  are  shown  ir,  (b;.  Run  ixxxJiton*  are  listed  n  Table  1  and 

Figures  2  and  3. 
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Evolution  of  O  f  a  envelop*  as  function  of  ion  etching  djse  for  R8.  snowing  ctiarge  sniffed  p6ak  due 
to  either  the  txaserc*  of  precipitated  trtanate  cn  attached  surface,  of  a  preep'ti  tod  siiraceous 

layer. 


